Swelling and deswelling kinetics was investigated for three types of cylindrical poly͑N-isopropylacrylamide͒ ͑PNIPA͒ gels differing in crosslink density. The temperature dependence curves of the volume of the gel specimens were different from one another. One of the gel specimens was considered as a critical gel showing the continuous volume phase transition. The volume change process of the specimens after a temperature jump was examined. In the deswelling processes with temperature jumps to temperatures higher than 35°C, a phase separation was observed in the gel specimens and the volume change slowed down due to the homogenization after the phase separation. The value of the diffusion constant obtained without the phase separation decreased rapidly as temperature approaches the transition temperature. The rapid decrease for the critical gel indicates the emergence of the critical slowing-down. The value of the critical exponent for the correlation length suggests that the universality class for the volume phase transition of the critical PNIPA gel belongs to the class for the classical theory.
I. INTRODUCTION
A polymer gel is a three-dimensional polymer network swollen with solvent. The volume of the gel in solvent changes according to the change of an external field, such as temperature and pH. This is because the change of the external field moves the thermodynamic equilibrium state of the gels. The gel in solvent changes the volume by swelling ͑or deswelling͒ until a new equilibrium state is achieved. Swelling and deswelling kinetics for polymer gels has been widely studied, and some theoretical approaches to the swelling kinetics has been made. [1] [2] [3] [4] [5] These approaches are based on a kind of linear diffusion equation proposed by Tanaka et al. 6 and are not applicable to large volume change processes. Matsuo et al. have studied swelling and deswelling kinetics in large volume change processes using a spherical gel, and proposed that the diffusion constant should be modified by introducing the concentration dependence into the diffusion constant. 7 However, how to modify the diffusion constant is still unclear.
Poly͑N-isopropylacrylamide͒ ͑PNIPA͒ gels are well known as typical of thermo-sensitive polymer gels, and show a steep volume change in a narrow temperature range of ϳ35°C. When crosslink density of the network is low enough, the PNIPA gel changes the volume discontinuously at a certain temperature around 35°C. This is called the discontinuous volume phase transition of polymer gels. The degree of discontinuity at the transition temperature decreases with increasing crosslink density, and discontinuity is vanished when the crosslink density becomes high enough. The PNIPA gel at a certain crosslink density shows the continuous volume phase transition, where the slope of volume against temperature diverges at a certain temperature ͑critical temperature͒. This continuous volume phase transition is regarded as the second-order phase transition and the gel showing the continuous transition is called a critical gel. The PNIPA gels having higher crosslink density than the critical gel change the volume continuously against temperature but remains finite over the whole temperature range. This means that no ''volume phase transition'' occurs for the gels in a thermodynamical sense. For the critical gels, physical quantities such as the correlation length and the specific heat show the critical behavior near the critical temperature. [8] [9] [10] Tanaka et al. examined the critical kinetics of the PNIPA ͑critical͒ gel to show that the characteristic time of volume change diverges at the critical point. 11 On the basis of these studies, [8] [9] [10] [11] the universality class of the volume phase transition was concluded to be identical to that for the threedimentional ͑3D͒ Ising model, but there appears to be no consensus for the universality class.
Recently, it has been shown that the volume phase transition in the course of deswelling ͑or shrinking͒ for the PNIPA gels becomes very slow, [12] [13] [14] [15] [16] [17] and the kinetics cannot be described by the conventional theory. [1] [2] [3] [4] [5] [6] [7] This slow kinetics appears to be due to phase separation in the gels. We have also reported 8 that the characteristic time for the deswelling is of the order of time needed for homogenization of the two phases. To explain the effects of phase separation on the kinetics, Shibayama et al. have proposed a mechanism for deswelling process by considering the inherent spatial inhomogeneity of the polymer gels. 13, 14 Suzuki et al. have investigated various phenomena observed in the deswelling process such as phase separation, bubble formation and phase coexistence, and they accounted for these phenomena on the basis of the classical phase separation models of nucleation and spinodal decomposition. 15, 16 For further understanding of the origin of the slow kinetics, detailed studies on how the phase separation affects the deswelling kinetics must be still needed.
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In this study, swelling as well as deswelling kinetics was examined for three types of PNIPA gels differing in crosslink density: One specimen shows the discontinuous phase transition and the second one shows a continuous volume change without phase transition, the final one being the critical gel. The effects of phase separation on the kinetics were investigated for various volume change processes induced by temperature jumps, and the kinetics for the three types of gels was compared with one another.
II. EXPERIMENT
Three types of cylindrical PNIPA gels with different crosslink density ͑coded hereafter as GEL1, GEL2, and GEL3͒ were prepared in distilled water by radical copolymerization of N-isopropylacrylamide ͑NIPA͒ as a main constituent and N, NЈ-methylene-bis͑acrylamide͒ ͑BIS͒ as a crosslink agent. Ammonium peroxodisulfate ͑AP͒ and N, N, NЈ, NЈ-tetramethylethylenediamine ͑TEMED͒ were used as an initiator and an accelerator, respectively. The monomer concentration ͑namely, the sum of the concentration of NIPA and BIS͒ was set to be 10.4 wt%. The molar concentration ratio, ͓NIPA͔/͓BIS͔, was 20, 60, and 80 for GEL1, GEL2, and GEL3, respectively. The pregel solution was poured into glass tubes, in which the gelation was performed at 20°C for 24 h. Then, the cylindrical PNIPA gels were removed from the glass tubes and immersed into the sufficient amount of distilled water to wash out the unreacted agent. The gels were cut into 15 mm long and used as specimens in measurements. The diameter of the specimens was ϳ500 m in the equilibrium state at 20.0°C.
Two types of measurements were employed in this study. One is the measurement in equilibrium ͑static measurement͒. The other is the measurement under the volume change ͑swelling and deswelling͒ process after a T-jump ͑dynamic measurement͒. In both measurements, size and appearances of the gel specimens were observed using a specially designed double-jacket water bath and a microscope equipped with a CCD camera. Temperature of the specimens ͑T͒ was controlled by circulating the temperature controlled water in the outer jacket of the water bath. The accuracy in temperature was Ϯ0.1°C for the measurements.
First, the static measurement was performed. The T-dependence curve of the diameter of the specimens ͑d͒ in the equilibrium state ͑the state where the diameter does not change with time at a fixed temperature in this experiment͒ was examined at various T in a T-range of 20 to 80°C. The measurement was performed on heating ͑20°C→80°C͒ as well as on cooling ͑80°C→20°C͒. The T-dependence curve of volume of the specimen (V) was calculated by assuming that the swelling of the gel occurs isotropically; namely, by assuming
Vϰd

. ͑1͒
After finishing the static measurement, the dynamic measurement was performed. The T-jump from the initial temperature (T i ) to the final temperature (T f ) was applied to the gel specimens, and the time ͑t͒ dependence of d was examined at a constant temperature of T f until the volume approaches a constant value. In this study, the T-jump was applied by transferring the gel specimens kept in water at T i into the water controlled at T f , meaning that equilibrium of temperature in the gel specimens occurrs very shortly compared with the time scale of this experiment because the volume of water in the bath was ϳ3 cm 2 which is large enough compared with that of the specimens.
III. RESULTS AND DISCUSSION
As stated previously in the experimental section, the volume of the gel specimens in thermodynamic equilibrium state at each temperature T was first examined. The volumetemperature (V-T) curves measured on heating as well as on cooling for the three types of gels are shown in Fig. 1 . In the equilibrium state, the gels were transparent regardless of temperature for the three gels. The volume used here is a normalized quantity calculated by using the volume of each specimen in the thermodynamic equilibrium state at 65.0°C (V 65 ). The volume decreases with increasing T, and shows a very steep change around 35°C for all kinds of specimens. The gels are in the swollen state in the T-range lower than 35°C, and in the collapsed state at T higher than 35°C. The inset in Fig. 1 shows the magnified V-T curves on heating around 35°C. As can be seen from the figure, the gel with the lowest crosslink density ͑GEL3͒ changes V discontinuously at 35°C, evidencing the discontinuous volume phase transition. The gel with the highest crosslink density ͑GEL1͒ changes V continuously with T, showing no volume phase transition ͑of course, the volume change occurs for the gel͒. The gel with the intermediate crosslink density ͑GEL2͒ shows a very steep but continuous volume change around 35°C, so that we regard hereafter the gel ͑GEL2͒ as a critical gel which shows the continuous volume phase transition. The V-T curve for GEL3 shows a hysteresis, which corresponds to 0.2°C in the transition temperature; namely, the transition occurs at 35.1°C on heating, while at 34.9°C on cooling. The transition temperature (T tr ) for GEL3 was determined to be 35.0°C by averaging the two temperatures. For GEL1 and GEL2, no hysteresis was observed on the V-T curves and even for these gels T tr was determined to be 35.0°C where the absolute value of slope for the curve holds a maximum.
The dynamic measurement was performed by the T-jump method for the three types of specimens. The values of T i and T f are summarized in Table I . The appearance of the gel specimens during the volume change process was different depending on the condition of the T-jump. In the deswelling ͑shrinking͒ processes at T f higher than 35.0°C, however, the opaqueness was observed for the three gels. The opaqueness must originate from the inhomogeneity of polymer concentration in the whole gel induced by the phase separation 12 and the phase separation temperature lay around 35.0°C regardless of the gel type. In other cases than the deswelling processes at T f Ͼ35°C ͑namely, in the deswelling processes at T f Ͻ35.0°C or the swelling processes͒, however, the gels changed V without the phase separation ͑i.e., with keeping transparency͒.
For example, the t-dependence curve of d for GEL2 after the T-jump from T i ϭ20.0°C to T f ϭ50.0°C is shown in Fig.  2 . Since this is the deswelling process at T f Ͼ35.0°C, the gel specimen became opaque after the T-jump. As can be seen from the figure, d decreases steeply just after the T-jump. In this time period, a bamboolike pattern was observed on the surface of the gel specimen. The gel with this large-scale surface pattern was composed of the transparent and opaque regions, the latter corresponding to the node of the bamboo. The node extended in the axial direction with increasing time, and finally the gel became fully opaque at about 30 min after the T-jump. This means that the second filled circle from the left in the figure corresponds to d for fully opaque gel. This large-scale surface pattern was observed only in the deswelling processes at T f Ͼ35.0°C with relatively large volume change.
The diameter of the opaque region (d in ) is also plotted against t in Fig. 2 . The value of d in also decreases with t, and the decrease of d in corresponds to the extension of the transparent region from the surface to the center of the gel. As is seen from the figure, at tϭ9.7ϫ10 4 s d reaches an equilibrium value (d f ) and the opaque region disappears. The opaque gel specimen in a two-phase state, polymer rich and solvent rich phases, shrank with the progress of homogenization and the gel finally recovered the transparency at long time limit.
In order to determine the characteristic time ͑͒ for the change of d, it is convenient to use two parameters (⌬d and ⌬d 0 ) defined by the following equations:
Here, d i represents the diameter at T i . Figure 3 shows a semilogarithmic plot of ⌬d/⌬d 0 against t of the deswelling process after the T-jump from T i ϭ20.0°C to T f ϭ50.0°C for GEL2. The data here correspond to those in Fig. 2 . The slope of the line gives the value of of 2.7ϫ10 4 s. As easily understood, estimated in this method corresponds to a longest relaxation time for the diameter, or volume, change. In the short time region of the deswelling, a large-scale surface pattern occurred for this specimen, but the longest relaxation time is not affected by the pattern formation because the time domains are quite different. When and d f are determined, we can estimate the diffusion constant ͑D͒ by using the following relation for cylindrical gels:
The values of D obtained for GEL2, is plotted against T f in Fig. 4 . Figure 4͑a͒ shows the data for T f ϽT tr (ϭ35.0°C), and Fig. 4͑b͒ for T f ϾT tr . Open and filled symbols represent the data on swelling and deswelling, respectively. The details are summarized in Table I , together with the data for GEL1 and GEL3. It is clear from the figure that D in Fig. 4͑b͒ depends on the total amount of volume change, or a swelling strain (␥ v ) defined by
Here, V i and V f are the volumes at T i and T f , respectively. The diffusion constant D in Fig. 4͑a͒ is independent of ␥ v and the T f -dependence of D on swelling and deswelling appears identical. On the other hand, D on deswelling in Fig.  4͑b͒ appears to decreases with increasing ␥ v if comparison is made at a fixed temperature. The data points in Fig. 4͑b͒ can be classified into several categories ͑four for deswelling and two for swelling͒ depending on the value of ␥ v . Of course, the grouping is an expedient and no clear border between neighboring groups exists. The values of D for the deswelling process where the phase separation was observed are plotted against ␥ v in Fig. 5 . The values are very small and are almost independent of ␥ v at ␥ v Ͼ3 where the large-scale surface pattern was observed. The homogenization after the phase separation requires long time and also moves the time needed for thermodynamic equilibration in dimension to the longer time side compared with that of the volume change process without the phase separation. As a result, the value of D became small. On the other hand, D increases rapidly with decreasing ␥ v in the range of ␥ v Ͻ2. The phase separation was also observed in this ␥ v -range but the degree of opaqueness was relatively small compared with the case of ␥ v Ͼ3. This may give a shorter time for homogenization of the phase separation, resulting in a larger value of D. As can be seen in Fig. 4 , it is clear that the effects of the homogenization after phase separation on the deswelling kinetics become negligible in the small ␥ v limit, where D in the deswelling process approaches to that in the swelling process. The data points for T f ϽT tr in Fig. 4͑a͒ appear to fall on a single curve, and the curve shows a steep decrease as T f approaches T tr , corresponding to the critical slowingdown. Although all data points for T f ϾT tr in Fig. 4͑b͒ cannot be approximated by a single curve due to the strong ␥ v -dependence of D, the data points marked by open symbols, which correspond to the data on swelling and are therefore free from the effects of the phase separation, might fall on a single curve, just as a mirror image of the curve expected for the data points in Fig. 4͑a͒ . In addition, seeing the TABLE I. Sample code, the final temperature (T f ), the initial temperature (T i ), the diffusion constant ͑D͒, and the swelling strain (␥ v ) of the dynamic ͑T-jump͒ measurements. 0.268 3.294 ࡗ data on deswelling in 0Ͻ␥ v Ͻ0.03, the data points appear to fall on the same curve as that for the data points for swelling. This means that even for the data on deswelling, D for very small volume changes is little affected by the phase separation. These values of D also seem to converge to zero at T tr , as in the case of Fig. 4͑a͒ ; namely, the steep decrease of D around T tr originates from the critical slowing-down. By employing mode-coupling approximation, Onuki 18 has shown that D scales with the correlation length ͑͒ as
whereas Tanaka 19 has applied the Kawasaki formula to D: namely
Introducing a reduced temperature ͑⑀͒ that represents the relative distance from the critical temperature (T c ) by In this deswelling process, the volume change was too small to detect, but tD was able to be estimated using the relation between and the time (t d ) needed for the homogenization after the phase separation (t d ϭ3.4) for the gel. because ϳ⑀ Ϫ . Here, is the critical exponent for . 20 The former scaling law corresponds to the scaling relation proposed by Onuki, the latter corresponding to the Tanaka relation. The critical temperature, T c , is 35.0°C, T tr for GEL2. Figure 6 shows the semilogarithmic plots of D against ⑀ for GEL2. The data shown in Fig. 6 are limited to those in 20°CϽT f Ͻ50°C, and also the data on deswelling with T f ϾT tr are eliminated, because D depends strongly on ␥ v as shown in Fig. 5 . The solid line is the best fit to the data on both swelling and deswelling for T f ϽT tr .
On the basis of the Onuki relation, the value of was determined from the slope to be 0.37Ϯ0.03. This value is smaller than the value either for the 3D Ising model ͑ϳ0.63͒ or for the mean field value ͑ϭ0.5͒, 20 but is, if anything, closer to the mean-field value. On the other hand, ϭ0.73Ϯ0.05 for the PNIPA gel based on the Tanaka relation. In this case, the value is closer to the value for the 3D Ising than the mean field prediction. It has been reported that the universality class for the volume phase transition of the critical PNIPA gel belongs to the 3D Ising model. 20 Actually, according to the Tanaka relation the universality class of the transition can be considered to belong to the 3D Ising model. When the Onuki relation is valid, however, the universality class may be identical to that of the mean filed or classical theory. We think that the critical behavior for the polymer gel should obey the classical theory, because the existence of the polymer network in the gel must suppress the concentration fluctuation as Onuki has stated in Ref. 18 ; hence, the Onuki relation may be more appropriate for the description of the critical behavior of D. The exponent could not be determined for T f ϾT tr , because the data points are scattered due to the difficulty in measuring small change in d. The value of the slope for the best fit line to the scattered data points for T f ϾT tr , however, appears to agree with that for T f ϽT tr . Figures 7 and 8 show the T f -dependence of D for GEL1 and GEL3, respectively. Table I contains the detailed data for the gels. The diffusion constant D plotted in these figures are limited for the relatively small volume change processes. The data obtained from the deswelling processes for T f ϾT tr was also eliminated, because the effects of homogenization after phase separation exist on the deswelling kinetics. The values of D for both GEL1 and GEL3 decrease rapidly as T f approaches 35.0°C, just as observed for GEL2. The T f -dependence curves of D for the three gels seem to be identical to one another both in shape and magnitude. Theoretically speaking, the values of D for GEL1 and GEL3 do not converge to zero even at the transition temperature T tr (ϭ35.0°C), because the gels are off-critical. GEL1 shows no phase transition, so that the characteristic time for volume change does not diverge even at T tr , giving a finite value of D even at the transition temperature. In the case of GEL3 showing the first-order phase transition, diverges at the spinodal temperature (T s ), which is slightly different from the transition temperature, and D converges to zero at T s . This means that the T f -dependence curve of D for GEL3 must have a cusp at T tr , and D for GEL3 must also have a nonzero value at T c . In Figs. 9 and 10, D for GEL1 and GEL3 is, respectively, plotted against ⑀. Here, T tr ϭT c was assumed. The data plotted are limited to those in 20.0°C ϽT f Ͻ50.0°C. The value of obtained from the slope of the best fit line to the data points is 0.34Ϯ0.03 both for GEL1 and GEL3 when the Onuki relation is used. This value is almost identical to that for GEL2, resulting from very small values of D at T c for GEL1 and GEL3, although the theory of the critical phenomena predicts ϭ0 for the gels.
IV. CONCLUSION
Swelling and deswelling kinetics was investigated for the three types of the cylindrical PNIPA gels by the T-jump method. In the deswelling processes at T f Ͼ35.0°C, the phase separation was observed in the gels. The homogenization after the phase separation slowed down the deswelling process, resulting in the small value of D. The value of D obtained without the phase separation decreased rapidly as T f approached the transition temperature T tr . For the critical gel ͑GEL2 in this study͒, this rapid decrease of D near T tr suggests the emergence of the critical slowing-down. The value of the critical exponent for GEL2 was determined to be 0.37Ϯ0.03, when a mode-coupling approximation by Onuki was employed. This indicates that the universality class for the volume phase transition of the critical PNIPA gel belongs to the class for the classical theory. According to the theory of the critical phenomena, it can be expected that D for the off-critical gels ͑GEL1 and GEL3͒ does not converge to zero at T c . The T f -dependence curves of D for off-critical gels were similar in shape with that for the critical gel; namely, the off-critical gels showed pseudo-critical behavior on the D-T f curves. This means that the bottom of the D-T f curves for the off-critical gels is very deep.
